A B S T R A C T Propionic and methylmalonic acidemia are both known to be associated with hyperammonemia. Rats injected with 10 or 20 mmol/kg of propionate or 20 mmol/kg of methylmalonate, along with 1.5 g/kg of a mixture of amino acids, developed severe hyperammonemia, whereas rats administered the same dosages of acetate did not. In vitro, neither propionyl nor methylmalonyl CoA affected the activity of carbamyl phosphate synthetase I, ornithine transcarbamylase, nor the activation constant (KA) of carbamyl phosphate synthetase I for N-acetyl glutamate. Furthermore, rats injected with propionate showed no alteration of liver amino acid concentrations, which could explain impaired ureagenesis. Animals injected with methylmalonate showed an increase in both citrulline and aspartate, suggesting that argininosuccinic acid synthetase may also have been inhibited. Liver ATP levels were unchanged. Citrullinogenesis, measured in intact mitochondria from livers of injected animals, was reduced 20-25% by 20 mmol/kg ofpropionate or methylmalonate (compared with acetate). This effect was attributable to an impairment in the normal rise of liver N-acetyl glutamate content after amino acid injection. Thus, carbamyl phosphate synthetase I activation was reduced. Liver levels of acetyl CoA and free CoA were reduced. Levels of unidentified acyl CoA derivatives rose, presumably reflecting the accumulation of propionyl and methylmalonyl CoA. Thus, the principal mechanism for hyperammonemia induced by these acids is depletion of liver N-acetyl glutamate, which is in turn attributable to depletion of acetyl CoA and/or A preliminary report of this work appeared in 1980. Clin.
INTRODUCTION
Hyperammonemia is associated with metabolic defects in the metabolism of propionic and methylmalonic acids (1) . A correlation between the levels of propionate and ammonia in the blood in children with propionic acidemia (2) has been demonstrated. These organic acids could affect ureagenesis in many ways, any or all ofwhich could explain the hyperammonemia. Inhibition of ureagenesis by propionate has been demonstrated in liver slices (3) , and citrullinogenesis in isolated mitochondria is impaired by addition of propionate (4, 5) . These effects have been ascribed to reduction of energy supply in both slices (3) and mitochondria (5) , resulting in decreases in carbamyl phosphate synthetase I and argininosuccinic acid synthetase activity because the reduction in ureagenesis correlates with a fall in ATP levels.
Another possible explanation is the suggestion of Bachmann (6) that the known inhibition of N-acetyl glutamate synthetase by propionyl CoA (7) or production by this enzyme of a relatively ineffectual activator, N-propionyl glutamate (8) , may impair carbamyl phosphate synthetase I activation, thereby leading to hyperammonemia. We have recently reported that rapid changes in N-acetyl glutamate mediate the short-term regulation of ureagenesis by activating carbamyl phosphate synthetase I (9) . In support of Bachmann's suggestion, a reduction in N-acetyl glutamate content in mitochondria incubated with propionate and glutamate has been described (10) . Furthermore, Coude et al. (11) have examined in detail the competitive inhibition by propionyl CoA of N-acetyl glutamate synthetase, and have confirmed that N-propionyl glutamate is an activator, albeit a weak one, of carbamyl phosphate synthetase I.
In a recent preliminary report (12) , evidence for another mechanism has been presented. Propionyl CoA added to liver homogenate reduced carbamyl phosphate synthetase I activity. However, other workers found little inhibition of citrulline synthesis in intact mitochondria by propionate when ATP was supplied exogenously (5) . Under these conditions, propionyl CoA would be in high concentration. Propionate has been shown to be without effect on the enzyme (3).
Another possible explanation for the hyperammonemia of methylmalonic acidemia was recently suggested by Walajtys-Rode et al. (13) . They found that a-ketoisovalerate inhibited ureagenesis in isolated rat liver hepatocytes. They attributed this effect to an impairment in the generation ofaspartate, one ofthe nitrogen donors for urea synthesis. Acetyl CoA levels fell as other acyl CoA derivatives formed in the course of a-ketoisovalerate metabolism rose. Acetyl CoA is an obligatory activator for pyruvate carboxylase (14) , the major anapleurotic reaction for the four-carbon pool in the liver. A reduction in the activity of this enzyme through a fall in acetyl CoA levels would be expected to impair aspartate generation. Furthermore, methylmalonate derived from a-ketoisovalerate may have inhibited malate transport (15) , an effect that could further impair aspartate synthesis. Evidence has been presented that argininosuccinic acid synthetase is the ratecontrolling enzyme in ureagenesis (16) (17) (18) . If this is correct, a reduction in the availability of aspartate, one of the two substrates for this reaction, would impair ureagenesis.
We present here results of studies ofthe mechanisms whereby ureagenesis is impaired in animals administered loads of propionate or methylmalonate.
METHODS
Female rats obtained from ARS Sprague-Dawley, Madison, Wis., were fed a diet containing 14% protein for at least 7 d before use. Organic acids were administered by intraperitoneal injection as sodium salts adjusted to pH 7.2 in a volume of 4 ml/200 g body wt. A complete amino acid mixture (19) ("Mix A") in doses of 0.5, 1, or 1.5 g/kg was administered 10 min later by intraperitoneal injection in a 5-ml vol of 150 mM NaCl/200 g body wt. In some experiments, an amino acid mixture ("Mix B") with higher proportions of short-chain amino acids was used (glutamine, asparagine, and glutamate each reduced 50%; alanine, serine, and glycine increased to 13.4, 9.4, and 13.52 g/100 g of amino acid mixture, respectively). The animals were anesthetized with ether; portions of blood and liver were processed and analyzed at various time intervals as previously described (9) . ATP, malate, and a-ketoglutarate were measured according to the method of Lamprecht and Trautschold (20) , Hohorst (21) , and Bergmeyer and Bemt (22) , respectively. CoA and its acylated derivatives were determined in the perchloric acid supernate of freeze-clamped liver by the method of Kondrup and Grunnet (23) . Measurements of N-acetyl glutamate, NH3, amino acids and carbamyl phosphate synthetase I activity, and mitochondrial preparation were performed by methods detailed elsewhere (9) . Ornithine transcarbamylase activity in disrupted mitochondria was measured using the method of McGivan et al. (24) .
Synthesis of N-propionyl glutamate was carried out by propionylation ofglutamate in alkaline solution (25) . Recovery experiments were performed by enzymatic determination of glutamate after hydrolysis with acylase I. In the presence of a slight excess of propionic anhydride, the conversion to N-propionyl glutamate was stoichiometric. Isolation of Nacetyl and N-propionyl glutamate from livers was carried out by the method of Shigesada et al. (26) , with the exception that the final chromatographic step was omitted and replaced by hydrolysis of the acylated derivatives and paper chromatography using n-butanol:acetic acid/water, 20:1:0. 5 Fig. 1 . Only a small increase in blood ammonia is seen after injection of amino acids in acetate-treated animals. In animals injected with either dose ofpropionate, blood ammonia increased significantly at the earliest time interval, 10 min after injection ofpropionate, and peaked 25 min after propionate (15 min after injection of amino acids).
The dependence of this response on amino acid dosage is shown in Fig. 2 . Again, controls received 20 mmol/kg of acetate. Only the largest dose of propionate (20 mmol/kg) caused hyperammonemia in rats not administered amino acids. With increasing dosage of amino acids, increasing hyperammonemia is seen at doses of propionate of 10 and 20 mmol/kg. A lower dose (5 mmol/kg) of propionate had no effect on blood ammonia, even at 1.5 g/kg of amino acids.
Methylmalonate at a dose of 10 mmol/kg did not cause a significant increase in blood ammonia in rats administered 1.5 g/kg of amino acids, but did at a dose of 20 mmol/kg.
No obvious clinical effects were produced by these large doses of organic acids, except lethargy coinciding with the highest levels ofblood ammonia, and receding as ammonia fell towards normal. Dependence of carbamyl phosphate synthetase I activity on energy source. As noted above, there is evidence that propionate interferes with energy production within the mitochondria, thereby lowering the activity of carbamyl phosphate synthetase I. To examine this possibility, citrullinogenesis in organic acid-and amino acid-loaded rats was determined in the absence of exogenous ATP.
Effects of
When succinate and rotenone replaced ATP, thus leading to endogenously produced ATP, carbamyl phosphate synthetase I activity of intact mitochondria isolated from rats administered 1.5 gikg of amino acids was 24.6±0.4 nmol/min/mg of mitochondrial protein after 20 mmol/kg of acetate and 18.2+1.3 nmol/ min after 20 mmol/kg of propionate (SEM, n = 5). This 26% reduction is very close to the reduction seen when exogenous ATP was used (24%, Fig. 3 threefold higher (14) , and methylmalonyl CoA is a competitive inhibitor of acetyl CoA (27) . Furthermore, methylmalonate, a product of propionate metabolism, inhibits mitochondrial malate transport (15) . Hence, aspartate synthesis may be impaired or its availability in the cytosol may be decreased. As shown in Table I , propionate has no effect on hepatic concentrations of aspartate or glutamate. Furthermore, glutamine, malate, and a-ketoglutarate were unaltered by propionate.
To attempt to provoke a deficiency in aspartate and! or glutamate in the presence of propionate,_ these experiments were repeated using an amino acid mixture lower in four-carbon amino acids. Again, hepatic aspartate levels were unaffected (Table I) . Thus, for reasons not apparent, it appears that pyruvate carboxylase flux is not sufficiently inhibited by propionate treatment to result in a limitation in the availability of either aspartate or glutamate.
Methylmalonate at a dose of 10 mmol/kg significantly reduced liver glutamate and aspartate after the injection of either of the two amino acid mixtures, as might be expected from the above considerations. However, after 20 aspartate were both increased. Conceivably, these changes may have been secondary to inhibition of argininosuccinic acid synthetase, as considered below.
Effect of organic acids on hepatic ATP concentrations. ATP levels in the livers of propionate-or methylmalonate-injected rats were the same as those in acetate-injected animals, whether or not amino acids were injected (Table I ). Because about one-third of hepatic cellular ATP is mitochondrial and two-thirds is in the cytosol (28), significant changes within the mitochondrial compartment may not be detected. Nevertheless, these results contrast with the reported decrease in ATP levels of mitochorndria exposed in vitro to propionate (4, 5) .
Urea cycle intermediates in the liver. To explore the possibility that these organic acids inhibited reactions of the urea cycle downstream from carbamyl phosphate synthetase I, we measured arginine, citrulline, and ornithine levels in the livers of rats given 1.5 g/kg of amino acids intraperitoneally. As shown in Table II , propionate at either 10 or 20 mmol/kg did not alter the tissue levels of these three amino acids when compared with acetate at the same doses. Methylmalonate, however, caused a large and significant increase in citrulline levels, particularly at the larger dose. This finding suggests that methylmalonate may have inhibited argininosuccinic acid synthetase. There was also a small increase in arginine levels.
The levels observed with acetate are not statistically Methylmalonate at a dose of 20 mmol/kg reduced carbamyl phosphate synthetase I activity significantly in rats injected with 1.5 g/kg of amino acids, but had no effect at a dose of methylmalonate half as great.
Effect of organic acids on liver N-acetyl glutamate concentration. The changes in N-acetyl glutamate concentrations (Fig. 4) are similar to the changes in carbamyl phosphate synthesis I activity in the same animals (Fig. 3) . As shown in Fig. 5 , the relationship between these two variables in rats injected with all three of these organic acids is nearly identical to the relationship previously observed in rats administered amino acids alone at these same dosages (9) . This suggests that the reduction in carbamyl phosphate synthetase I activity in propionate-and methylmalonate-treated animals compared with those treated with acetate is fully explained by the fall in N-acetyl glutamate concentration.
Synthesis of N-acetyl and N-propionyl glutamate in vivo. To determine whether N-propionyl glutamate was formed in propionate-injected rats, and to assess the effect of propionate loads of N-acetyl glutamate formation, an intraperitoneal load ofarginine (3 mmol/kg) was administered; 10 min later the rats were administered intraperitoneal [14C]glutamate. These conditions were chosen to maximize N-acetyl glutamate synthetase activity and to minimize dilution of the labeled glutamate. Injection of arginine in similar amounts is known in increase N-acetyl glutamate synthesis in vivo (29) . 30 injection, whole livers were analyzed for radioactivity in N-acetyl and N-propionyl glutamate. In rats administered acetate 20 mmol/kg, 1,974±250 (SEM., n = 3) counts/min were found in N-acetyl glutamate and 11±13 counts/min in N-propionyl glutamate (a value not significantly different from zero). In rats administered propionate 20 mmol/kg, 795+172 (SEM., n = 3) counts/min were found in N-acetyl glutamate and 52±12 counts/min in N-propionyl glutamate. Thus, propionate reduced N-acetyl glutamate formation but led to the formation of only small amounts of N-propionyl glutamate. Hence, this latter compound, its concentration being only 1/25 that of N-acetyl glutamate, cannot exert a significant effect on carbamyl phosphate synthetase I under these conditions. Effect of organic acids on CoA compounds in the liver. The results are shown in Table IV Fig. 2 Means ±SEM, n = 5-6.
* Significantly different from acetate-treated rats, P < 0.01.
There are obvious differences between this model and the hyperammonemia seen in patients with propionic or methylmalonic acidemia. However, in both situations, the CoA derivatives of these organic acids presumably accumulate in liver. The effects we have observed appear to be secondary to this accumulation rather than to the subsequent metabolism of these compounds through the tricarboxylic acid cycle, a process that is severely impaired in such patients but obviously not in normal animals.
Large doses of propionate and methylmalonate were necessary to elicit hyperammonemia in rats given 1.5 g/kg ofamino acids. However, control animals received the same dosages of acetate. Furthermore, blood levels of propionate close to 5 mM during crises are not unusual in patients with these disorders (30) , and the metabolism of these two compounds would be expected to be rapid in normal animals.
After propionate injections, we could detect no abnormalities in the liver that could contribute to hyperammonemia and impaired ureagenesis other than changes directly related to a reduction in carbamyl phosphate synthetase I activity. These changes included lowered N-acetyl glutamate levels, reduced acetyl CoA, and increased medium-chain acyl CoA compounds. Furthermore, the relationship between carbamyl phosphate synthetase I activity of intact mitochondria and liver N-acetyl glutamate content in these animals was identical to that seen in our previous study of rats not administered organic acids (Fig. 5) .
These results are consistent with the conclusion that the mechanism of propionate-induced hyperammonemia was a failure of mitochondrial N-acetyl glutamate levels to rise appropriately after injection of amino acids. However, the mechanism for the impaired synthesis of N-acetyl glutamate is uncertain. Neither glutamate, one of the substrates for this enzyme, nor arginine, an activator of the enzyme, changed in whole liver; such data of course do not exclude a redistribution of these amino acids between the cytosolic and mitochondrial compartments.
The accumulated medium-chain acyl CoA derivatives were not identified in this study. Therefore, it is at least theoretically possible that acyl CoA Another unexplained feature of this aspect of the results is that N-acetyl glutamate levels were unaffected by the lower doses of methylmalonate (10 mmol/kg ; Fig. 4 ); yet acetyl CoA concentration in the livers ofthese animals was 14.7+1.2 nmol/g wet weight (SEM., n = 5), a value 46% less than that seen in acetate-injected controls (27.4-+2.3 nmol/g, n = 6) and 28% lower than in rats administered no organic acids (20.4+1.9 nmol/g, n = 4) (9). Thus, moderate reductions in acetyl CoA do not seem to impair N-acetyl glutamate synthesis. This is surprising, in view of the fact that the mitochondrial concentration of acetyl CoA should be well below the reported Michaelis constant of N-acetyl glutamate synthetase for acetyl CoA, namely 0.6-0.7 mM (11, 31) . Propionate at a dose of 10 mmol/kg reduced acetyl CoA to 9.9+0.7 nmol/g (SEM., n = 5) and did cause hyperammonemia and a fall in N-acetyl glutamate (Fig. 4) .
Regardless of the mechanism for the impairment in N-acetyl glutamate synthesis after propionate, it is clear that the rapid increase in hepatic levels of this compound that occur in amino acid-injected rats (9) is important in preventing hyperammonemia. The difference in carbamyl phosphate synthetase I activity between acetate-and propionate-injected rats (Fig. 3) 
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P. M. Stewart and M. Walser was only -28%, a change that might appear too small to account for the development of hyperammonemia. However, as demonstrated in our previous study (9) , increasing loads of amino acids cause little or no rise in blood ammonia in the rat until the capacity of the N-acetyl glutamate mechanism is exceeded; thereafter, ammonia rises steeply. Propionate evidently reduces the threshold dose of amino acids, beyond which this steep increase in blood ammonia occurs. It also has a minor but statistically significant effect on blood ammonia in rats not administered amino acids. The cause ofthe hyperammonemia in the rats treated with methylmalonate is more complex. Although an inappropriately low increase in N-acetyl glutamate was demonstrated, differences in citrulline and aspartate levels also suggest that methylmalonate may exert inhibitory effects on arginosuccinic acid synthetase. From the data reported here, the predominant effect cannot be determined with certainty. However, the lower dose of methylmalonate significantly increased liver citrulline without affecting blood ammonia. Furthermore, the relationship between carbamyl phosphate synthetase I activity and N-acetyl glutamate concentrations after methylmalonate injection is the same as in propionate-injected, acetate-injected, or previously studied (9) control animals (Fig. 5) . Thus, the most likely explanation ofmethylmalonate-induced hyperammonemia appears to be inhibition of N-acetyl glutamate synthesis through competitive inhibition by methylmalonyl CoA of N-acetyl glutamate synthetase, depletion of mitochondrial acetyl CoA, or both.
Further clarification of these mechanisms in organic acid-injected rats may provide a basis for rational therapy of the hyperammonemia seen in propionic and methylmalonic acidemia.
